The genomic region of the Anticarsia gemmatalis multiple nucleocapsid nuclear polyhedrosis virus (AgMNPV) strain 2D encoding the polyhedrin gene was cloned and mapped, and a 2085 bp SphI-Pstl fragment containing the gene was sequenced. The polyhedrin polypeptide of the parental isolate AgMNPV was manually sequenced, and the amino acid sequence obtained agreed with that deduced from the DNA coding region sequence. AgMNPV and Orgyia pseudotsugata MNPV (OpMNPV) are similar in terms of promoter structure and polyhedrin primary sequence, and the polyhedrin gene of both viruses is transcribed in the anti-clockwise direction in relation to their physical maps. The region upstream from the polyhedrin gene of AgMNPV, OpMNPV, Bombyx mori NPV and ,4utographa californica MNPV (AcMNPV) was compared and this showed that the open reading frame (ORF) common to all four viruses (ORF 5) has sequence homology with the AcMNPV 25K gene. The sequences between ORF 5 and the polyhedrin gene were found to be variable among the polyhedrin gene loci compared. Additionally, conserved elements in the promoters of the very late genes encoding polyhedrin and granulin, and those encoding two pl0 proteins were found to share sequence homology and positional similarity with consensus regions in the conserved boxes A and C, responsible for binding transcription factors to eukaryotic 5S ribosomal RNA genes, and to box C of tRNA genes.
Introduction
Baculoviruses are enveloped dsDNA viruses belonging to a large family of occluded viruses, the Baculoviridae, which are arthropod pathogens (Brown, 1986) . The biology of baculoviruses has been reviewed elsewhere (Granados & Williams, 1986; Blissard & Rohrmann, 1990) . The baculoviruses are being investigated owing to their potential for use as biological control agents and as vectors for expression of foreign genes in insect cells Luckow & Summers, 1988) , and because they constitute an important model for invertebrate virology.
The Anticarsia gemmatalis nuclear polyhedrosis virus (AgMNPV) is being used extensively for biological control of the velvetbean caterpillar A. gemmatalis (Hiibner) in Brazil (Moscardi & CorrSa Ferreira, 1985; Moscardi, 1989) and is under evaluation for use in the United States. The AgMNPV genome is estimated to t Present address: NERC Institute of Virology and Environmental Microbiology, Mansfield Road, Oxford OX1 3SR, U.K.
0001-0432 © 1992 SGM contain 133 kb, and several restriction enzyme maps have been reported (Johnson & Maruniak, 1989) . Studies with genotypic variants plaque-purified from field isolates and host range variants, as well as studies of genomic organization are under way (Maruniak, 1989) . AgMNPV replicates in Trichoplusia ni TN368 (Hink, 1970) and Spodoptera frugiperda IPLB-Sf21-AE cells (Vaughn et al., 1977) , as well as in the A. gemmatalis UFL-AG-286 embryo-derived cell line (Sieburth & Maruniak, 1988) . The relationship between AgMNPV and other baculoviruses has been investigated previously by means of DNA hybridization, which indicates that the AgMNPV genome has DNA sequence similarity to viruses related to Autographa californica MNPV (AcMNPV) (Smith & Summers, 1982; Johnson & Maruniak, 1989) . We chose to study the AgMNPV polyhedrin gene and flanking regions in order to compare them to those of other baculoviruses for which molecular data on the polyhedrin gene region are available.
The HindlII G fragment of 7196 bp, shown to hybridize with AcMNPV polyhedrin gene probes (Johnson & Maruniak, 1989) , was cloned and mapped, as were subcloned portions. Both the polyhedrin gene and its product were sequenced and compared. The AgMNPV polyhedrin locus and gene promoter structure was compared to those of related baculoviruses, and to other class III genes.
Methods
Virus and cells. The AgMNPV 2D strain was obtained as a third plaque-purified strain from the parental isolate AgMNPV which was a wild-type field isolate from 1979, according to plaque purification methods described previously (Hink & Vail, 1973) . The AgMNPV 2D strain was analysed using restriction enzymes for the absence of submolar bands from viral DNA extracted from radioactively labelled infected IPLB-Sf21-AE cells (Maruniak et al., 1984) . Virus stocks were amplified by infecting A. gemmatalis early instar larvae and further purification of polyhedra. The AgMNPV strain 2D DNA used in the experiments was obtained from virus released from polyhedra using the alkaline salt method (Maruniak et al., 1984) .
Protein sequencing. The AgMNPV polyhedrin was purified by solubilizing a heat-treated pure polyhedra suspension (40 mg/ml) in dilute alkaline saline solution (0.3 M-Na2CO3, 0-5 M-NaCI, 0.03 M-EDTA, pH 10.9) for 30 min at room temperature. The resulting material was layered on a 1.17 to 1.26 g/cm 3 sucrose gradient and centrifuged at 24000 r.p.m, for 1 h at 4 °C. The top of the gradient containing solubilized polyhedrin was collected, dialysed against deionized distilled water and stored at -70 °C until further use. Purified polyhedrin was manually sequenced using the 4-dimethylaminoazobenzene-4'-isothiocyanate (DABICT) method (Chang, 1986) .
Cloning, gene localization and nested deletion subclones. The HindIII G fragment was initially cloned in pUC plasmids (New England Biolabs). Subclones were constructed in pGEM-3Z plasmids (Promega). The Y portion of the gene and flanking regions were subcloned by digesting the pAg-SP construct ( Fig. l) with HincII, resulting in the pAG-SH, pAG-H1, pAG-H2 and pAG-H3 constructs. All methods used for DNA cloning and subcloning were performed as described elsewhere (Maniatis et al., 1982; Davis et al., 1986; Berger & Kimmel, 1987) . Gene localization experiments were performed by Southern blotting and DNA hybridization (Maniatis et al., 1982) using the AcMNPV strain E2 PstI D fragment cloned into pBR325 (pAC-PstD) (Johnson & Maruniak, 1989) , which contains the entire polyhedrin gene and its surrounding regions, and the HindIII V fragment cloned into pGEM (pAC-Hind V) (Promega), which was expected to hybridize to the middle and 3' portion of the polyhedrin gene Hooft van Iddekinge et al., 1983) . Probes were verified by DNA sequencing to contain the correct AcMNPV strain E2 sequences. Probes for AgMNPV polyhedrin gene localization were radioactively labelled with [ct-32p] dATP by nick translation (New England Nuclear). Unidirectional exonuclease III deletion clones (Henikoff, 1984) were generated using the Erase-a-Base system as described by the supplier (Promega). HindIII G and EcoRI-PstI (EP) (Johnson & Maruniak, 1989) .
Physical mapping of the
of Southern (1979) for DNA fragment length estimation (Johnson & Maruniak, 1989) .
DNA sequencing. The 2085 bp SphI-PstI (SP) region encoding the polyhedrin gene was sequenced from several overlapping clones generated by exonuclease III digestion, and subclones of the coding region of the polyhedrin gene were sequenced from double-stranded templates (Chen & Seeburg, 1985) by the dideoxynucleotide chain termination method (Sanger et aL, 1977) using Sequenase T7 DNA polymerase (United States Biochemical) and [~-3sS] dATP (New England Nuclear). Strand-specific primers initiating chain elongation from the T7 and SP6 promoters in the pGEM-3Z plasmid, and primers derived from AgMNPV strain 2D sequences used to obtain the nucleotide sequence data were synthesized by the DNA Core Facility of the Interdisciplinary Center for Biotechnology Research at the University of Florida, Gainesville, U.S.A. Both strands of the SP region were sequenced with different primers using several constructs checked for insert size consistency. SP region DNA for which it was not possible to verify the second strand using cloned fragments or deleted priming sites was sequenced in both directions by using synthetic oligonucleotides designed for this purpose. Nucleotide sequence data were analysed using the GCG software (Devereux et al., 1984) .
Results

Gene localization, mapping, subcloning and sequencing
The map, hybridization results, and cloning and sequencing strategy are summarized in Fig. 1 (Fig. 2) . The size estimated for the HindlII G fragment by restriction analysis was 7224 bp; after sequencing 40 % of the HindlII G fragment (including sequences outside the SP region which will not be reported because no second strand sequencing was completed) this estimate was revised to 7196 bp, a 0.4% correction.
Polyhedrin amino acid sequence
The manual sequencing of the AgMNPV protein gave results which agreed almost entirely with the AgMNPV-2D polyhedrin sequence deduced from the nucleotide sequence (Fig. 3) . However, 18 amino acids are missing from the manually derived protein sequence, possibly due to the loss of peptides during the experimental procedures. This does not account for the differences between these sequences and those deduced from the DNA sequence because other peptides matched significantly the DNA sequence. Five differences were observed in the remaining 93 % of the protein sequence available. The DNA sequence predicted two glutamine residues at positions 42 and 43, whereas the protein sequence data showed two glutamic acid residues; at position 103, the DNA sequence predicted a valine, whereas the protein sequence showed a methionine; at position 112, the DNA sequence predicted an aspartic acid residue whereas the protein sequence showed an asparagine residue. Another difference was found at position 193, where a serine was predicted by the DNA sequence and a glutamine was observed in the protein sequence. 
AgMNPV polyhedrin gene locus structure compared to other baculoviruses
The overall structure of the AgMNPV SP region (Fig. 4 (G. F. Rohrmann, personal communication) . Based on the comparison to other baculoviruses and preliminary sequence information on pAG-ES (Fig. 1) , it may be assumed that AgMNPV ORF 5 (named after the homologous AcMNPV ORF 5 by Possee et al., 1991) extends upstream from the SphI site in the SP region; therefore only the 3' portion of ORF 5 is presented. Two other hypothetical ORFs were found between the 3' end of ORF 5 and the polyhedrin gene (Fig. 4) : ORF 2, with the capacity to encode a 94 amino acid polypeptide, and ORF 3, in the antisense overlapping ORF 2, with the capacity to encode a 92 amino acid polypeptide.
The region upstream of the polyhedrin gene of AgMNPV compared to those of OpMNPV, BmNPV and AcMNPV is shown in Fig. 5 (a) . This region shares stretches of sequence similarity with those of OpMNV and BmNPV, and with the region upstream from ORF 603 of AcMNPV. These genomic regions of AgMNPV, BmNPV and AcMNPV contain ORFs that could encode The AcMNPV 25K protein motif starting at amino acid position 146 is compared to similar sequences in ORF 5. Similarity was detected by using the FASTA program (GCG package) searching protein databases with the sequence predicted from AgMNPV ORF 5. The match of the AgMNPV ORF 5 product to the AcMNPV 25K protein was determined to be significant (5.14 S.D. above the mean of matches against 100 randomly generated scrambled sequences derived from the AcMNPV 25K protein sequence using the RDF program).
polypeptides with similarly positioned cysteines and translation termination sites, named ORF 5 for comparison of the polyhedrin gene loci of these three viruses and OpMNPV (Fig. 5b) . Sequence data are available to confirm only the 5' end ofORF 5 of AcMNPV (Possee et al., 1991) . However, parts of the ORF 5 sequence are used to compare the structure of these four baculoviruses.
The 3' portions of the amino acid sequences deduced from ORF 5 were aligned to the sequence available for AgMNPV ORF 5, and revealed highly conserved cysteine residues (Fig. 5b) . Searching the Protein Identification Resources protein databases (Orcutt et al., 1984) with the amino acid consensus elements viewed in the DNA helix (B DNA, Nm 101) (Saenger, 1984) . Conserved elements occurring in other similar MNPV promoters are indicated by boxes. Only elements shown to have a significant effect on gene expression are shown (Matsuura et al., 1987) . The element TAAGTATT, near the transcription initiation site, is separated from the GTA and TTGTA elements by two complete turns. All elements are on the same face of the helix. Only the partner strand is shown. Nucleotide numbering is in relation to the ATG initiation codon, considering the first adenine to be + 1 (not shown). (b) Alignment of conserved untranslated leader sequence elements from baculoviruses: AcMNPV (Howard et al., 1986) , BmNPV, AgMNPV, OpMNPV, MbMNPV, PfMNPV, SeMNPV, SfMNPV, OpSNPV (Leisy et al., 1986b) , LdMNPV, Pieris brassicae GV (PbGV) and T. ni GV (TnGV) (Akiyoshi et al., 1985) , AcMNPV pl0 (Kuzio et al., 1984) and OpMNPV pl0 (Leisy et al., 1986c) with ICRs of eukaryotic 5S genes and the standard tRNA sequence (Dillon, 1987) . Column B in box A contains the highly conserved TAAG element common to the baculovirus and 5S genes. This element is not conserved in box A of the tRNA genes. The elements underlined in box C are common to all promoters with the trinucleotide GTA present in all sequences shown. The translation initiation codon, ATG, is not shown for the baculovirus sequences presented, therefore all NPV polyhedrin sequences start at -1. Only the numbering for AcMNPV is shown. Promoter similarities are discussed in the text. 71% and 65% identity over a stretch of 17 amino acid residues with the OpMNPV, BmNPV and the AcMNPV ORF 5-encoded proteins (Fig. 5c ).
Promoter consensus elements
Sequence elements in the region upstream of the AgMNPV polyhedrin gene were found to be similar to those of other baculovirus polyhedrin genes. These included the adenine at position -3 (Kozak, 1983) , the conserved TAAG element involved in transcription initiation (Rohrmann, 1986) and elements between the TAAG element and the translation initiation ATG codon (Fig. 6b) . A diagrammatic representation (Fig.  6a ) of the DNA indicates that in the AcMNPV noncoding strand in the conserved promoter region from positions -53 to -9 (considering + 1 to be the first A in the ATG translation initiation codon), consensus elements (underlined in Fig. 6b ) were located on the same face of the double helix. The core TAAG element was separated by two complete turns of the DNA helix from two similar motifs, ATTGTA and TTTGTA, which were one turn distant from each other. Conserved elements in the polyhedrin gene promoter are also found to be similar in sequence and in orientation to the universal consensus comprising box A and box C (Dillon, 1987) , and A and B (Lassar et al., 1983) of the 5S ribosomal RNA gene internal control region (ICR), containing binding sites for class III transcription factors (Fig. 6b) . Box A elements are found in all polyhedrin and granulin gene promoters, as well as other late promoters such as the pl0 gene promoter (reviewed by Rohrmann, 1986) . Box C elements can either be separated by additional sequences, as in tRNA genes (box B), or contiguous, as in the 5S RNA genes. In the NPVs, a possible duplication of a TTNGTA box C element followed by mutation could have generated the (A/T)YGTA and TT(T/G)GTA NPV polyhedrin promoter elements, which are absent from the granulosis viruses (GVs). Additionally, column E in box C contains the TTAGTA motif of the 5S genes, which is homologous with the corresponding elements in tRNA genes and NPVs, forming the TT(A/C)GTA consensus. A TTTGTA element is present downstream from the 12-met shown in box A of the AcMNPV pl0 gene promoter; no similar element was found in the OpMNPV pl0 gene promoter (Fig. 6b) .
sequences deduced from AgMNPV ORF 5 revealed 56% identity over a stretch of 18 amino acid residues with the AcMNPV 25K protein (Beames & Summers, 1989) . The same region of the AcMNPV 25K protein showed 47%,
Discussion
The anticlockwise orientation of the AgMNPV polyhedrin gene in relation to the physical map, also observed for that of OpMNPV (Leisy et al., 1986a) , may indicate that both viruses share this possibly ancestral trait. The codon utilization bias of the AgMNPV polyhedrin gene was found to be different from that of other baculoviruses. The TAC (tyrosine) codon frequency observed was 53~; the frequency observed in other baculoviruses is 80~ (Rohrmann, 1986) , with the exception of Mamestra brassicae MNPV (MbMNPV) and Panolis flammea MNPV (PfMNPV), in which it is 70~. The TAT codons in AgMNPV clustered in the first 20 codons of the polyhedrin ORF, encoding five tyrosines. In the 10 remaining tyrosine codons present in the gene, the TAC frequency was 80~o. The bias against codons containing double thymidines (Rohrmann, 1986) was also not observed; 77 ~o of phenylalanine residues are encoded by TTT and the remaining 23~ by TTC. The only other polyhedrin not showing this bias is that of O. pseudotsugata single nucleocapsid polyhedrosis virus (OpSNPV), using 69~o TTT codons (Leisy et al., 1986b) . Frequencies of 50~ and 54~o are reported for BmNPV and OpMNPV (Rohrmann, 1986) . The presence of glutamines instead of glutamic acids at positions 42 and 43 (Fig. 3) would imply differences between the parental AgMNPV (Johnson & Maruniak, 1989) and its plaque-purified derivative, AgMNPV strain 2D, consisting of two transversions in which a G residue would be changed for a C residue in the first position of each codon. The two amino acids can be readily resolved by the DABICT method and the DNA data were verified through repeated experiments. Comparison of NPV polyhedrins indicates that glutamine does not appear in those positions. Artefacts in the protein sequencing procedures could be the possible cause of the difference. On the other hand, the presence of histidine instead of glutamic acid codons may have evolved via a glutamine codon, from which single point mutations could produce codons encoding both amino acids (histidine and glutamic acid).
The presence of valine in the AgMNPV-2D polyhedrin amino acid sequence at position 103 rather than the methionine in that of AgMNPV could be indicative of polymorphism because in other baculovirus polyhedrins either amino acid can be present in that position. Although the DABICT method may not unequivocally resolve valine from methionine, a transition of A to G in the first position of the codon could account for the observed variation. A transition of A to G could also account for the presence of aspartic acid rather than asparagine at position 112. Finally, the presence of a serine in the deduced sequence instead of the glutamine observed in the manually derived AgMNPV protein sequence at position 193 would require major changes in the DNA sequence. Nonetheless, serine is observed as an alternative for that position in other polyhedrins, which also accommodates asparagine, histidine, glutamic acid, glutamine and serine, making it a possible site of neutral variation.
AgMNPV-2D was plaque-purified three times to genotypic homogeneity from AgMNPV, which is a wildtype field isolate, therefore the differences observed in the AgMNPV-2D and AgMNPV polyhedrin sequences could be explained by polymorphisms within the AgMNPV population resulting from accumulated mutation, as suggested by Iatrou et al. (1985) . Sequencing different isolates of the AgMNPV polyhedrin regions in which polymorphisms may occur could help to resolve this question.
The DNA sequences of the AgMNPV, OpMNPV, BmNPV and AcMNPV polyhedrin genes were compared by computer analysis. This showed that the region around the polyhedrin loci appears to have a higher structure with some unique individual elements. This is significant because it could mean that the region between ORF 5 and the polyhedrin gene is a variable one in which different genes, such as AcMNPV ORF 603, could be replaced over time, suggesting a cassette model. The polyhedrin loci of AgMNPV, OpMNPV, BmNPV and AcMNPV differ in that AgMNPV, OpMNPV and AcMNPV have additional unique sequences between ORF 5 and the polyhedrin gene. Furthermore, the region between ORF 5 and the polyhedrin gene of AgMNPV and OpMNPV shares many identical motifs, but several deletions in that of AgMNPV account for the 340 bp difference in size between these two regions (data not shown). These deletions in AgMNPV cause ORF 2 in AgMNPV and OpMNPV to be different (data not shown), implying that they may not be functional. The presence of similar sequences in the region upstream of the AgMNPV, OpMNPV, BmNPV and AcMNPV polyhedrin genes may indicate that the inversion in AgMNPV, which includes the polyhedrin gene, spans regions beyond the SP fragment. Additional sequencing upstream from the SP region will provide information on the complete sequence of ORF 5 and on the AgMNPV polyhedrin gene inversion.
Significant homology was found between ORF 5 and the AcMNPV gene encoding the 25K protein. The 25K protein gene has been shown to be involved in the few polyhedra mutant phenotype and is located in an unstable region of the AcMNPV genome which is prone to rearrangement (Beames & Summers, 1989) . However, the relevance of the similarity of this motif of the AcMNPV 25K protein gene to ORF 5 is unclear, but may be explained by recombination between the region upstream of the polyhedrin gene and the 25K protein gene region. No significant match was observed with ORF 2 and ORF 3.
The 518 bp region downstream of the AgMNPV polyhedrin gene in the SP region was shown by dot matrix analysis to have no significant similarity to AcMNPV ORF 8 (Possee et al., 1991 ; also named ORF 1269 by Ooi & Miller, 1990) or that of any other baculovirus.
No similarities other than those in the polyhedrin gene leader and coding region were found between the AgMNPV SP region and the equivalent polyhedrin flanking regions of MbMNPV , PfMNPV (Oakey et al., 1989) , S. exigua MNPV (SeMNPV) (Van Strien et al., 1990) , S. frugiperda MNPV (SfMNPV) (Gonzalez et al., 1989) and Lymantria dispar MNPV (LdMNPV) (Chang et al., 1989) .
We showed several polyhedrin promoter motifs to be similar to structural elements of polymerase III promoters. The functional activity of these polyhedrin promoter elements has been examined by a number of investigators using linker-scan deletions. Reduction in reporter gene expression varied from no significant change when elements were deleted up to the conserved 12-met to 1009/oo reduction with it deleted (Matsuura et al., 1987; Rankin et al., 1988; Ooi et al., 1989) . The nucleotide sequences from -1 to -7 are similar for the AcMNPV (Howard et al., 1986) , BmNPV (Iatrou et al., 1985) , OpMNPV (Leisy et al., 1986a) and AgMNPV polyhedrin genes. The conserved positioning of the suggested promoter elements and their positional homology to those of other NPVs may reflect the geometry of binding elements involved in transcriptional and or translational regulation (Ohlendorf & Matthews, 1983; Lewin, 1990) , Since no consensus was observed among baculoviruses in the genome region upstream from the conserved 12-mer associated with the mRNA start site in polyhedrins and granulins, these promoters may be internal, as is the case for class III genes, and possibly transcribed by a modified or virus-encoded polymerase III, or a modified transcription factor polymerase III-like complex. This hypothesis is supported by the evidence of an ~-amanitin-resistant polymerase activity detected late in insect cells after AcMNPV infection (reviewed by Blissard & Rohrmann, 1990; Huh & Weaver, 1990) . A polymerase III was shown to direct transcription from the internal promoter of the virus-associated genes VAI and VAII in the genome of adenovirus type 2, and the EBER 1 and EBER 2 genes of Epstein-Barr virus, so there is a precedent for polymerase III involvement in viral gene transcription (reviewed by Dillon, 1987) .
The normal high expression levels in class III genes such as tRNA and 5S ribosomal RNA genes are consistent with the hyperexpression of very late baculovirus genes. Moreover, the possible involvement of transcription factor IliA has been hypothesized previously (Ooi & Miller, 1990) . The absence from the GVs of the conserved downstream elements in the NPV polyhedrin gene promoter suggests that the polyhedrin promoter is modular and that each conserved element is functionally distinct, as is the case for the 5S genes (Lewin, 1990) . As in the polyhedrin gene of AcMNPV, the 12-mer element in the pl0 gene has been shown to be essential for reporter gene expression. However, the mRNA transcription initiation site in the AcMNPV pl0 gene is not in the same position in the 12-mer as in the polyhedrin gene (Weyer & Possee, 1989) . In this report, we infer from sequence comparisons the conserved position of several DNA consensus sequences. This remains to be proven by linker-scan mutagenesis and reporter gene expression levels.
